Abstract-Portable devices sold around the world number in the billions, and they are used daily because of their ability to provide connectivity by integrating processing power, touch screens, cameras, and motion sensors with multiple radios. Many of the radios can run simultaneously, and each radio exposes the user to some level of electromagnetic radiation. The exposure levels are potentially cumulative in the number of transmitters and number of carrier frequencies used. Fourth-generation (4G) device designers are looking forward to placing four separate transmitting elements for the 4G radio alone.
I. INTRODUCTION
Worldwide sales of portable devices totaled 440 million units in the third quarter of 2011 and are on a pace to total more than 1.6 billion for the year [1] . These devices are transceivers, meant to transmit and receive on many different bands, often simultaneously. Because they emit electromagnetic radiation, which is viewed as a potential health threat, the devices intended for sale in most countries are regulated on how much exposure a person experiences during their use. The Federal Communications Commission (FCC) establishes and This work was supported in part by the National Science Foundation under grant CCF1141868.
governs the testing methodologies and exposure limits currently enforced in the United States [2] . Other parts of the world have similar regulatory agencies (e.g., the European Union has Comité Européen de Normalisatioń Electrotechnique (CENELEC)), and these bodies adopt standards similar (or identical) to the FCC.
The increasing number of radios in these devices, especially in smartphones, makes it increasingly difficult for these devices to pass the FCC (or CENELEC) limits, which were established more than twenty years ago when multiple radios in a single device were not common. Simultaneously, the increasing number of devices sold each year invites regular challenges from health organizations on whether the existing limits should be tightened to protect public health. For example, recent experiments [3] suggest that even current accepted levels of radiation in cell-phones produce metabolic changes in the brain of unknown consequence. The World Health Organization has recently classified radiofrequency electromagnetic fields as a possible carcinogen [4] , putting electromagnetic radiation from portable devices in the same category as engine exhaust and lead for carcinogenic effects.
Despite the challenges, the currently accepted methods for testing user exposure and thresholds for device acceptance have the backing of many scientific studies [5] . Therefore, the testing methods and exposure constraints enforced by the FCC continue to be widely accepted in the scientific community. These exposure constraints play a dominant role in portable device transmitter power, and thus network performance. Hence, improvements in performance can come with transmission techniques that consider these accepted exposure constraints as part of their design. These techniques could then be used to reduce exposure for a given output power and performance, or improve output power and performance for a given exposure.
A. Electromagnetic Radiation and Wireless Performance
The problem of designing wireless devices to operate within accepted levels of electromagnetic radiation has recently become more acute: Portable devices are becoming powerhouses of computational ability, with multiple processors, large amounts of memory, touch screens, cameras, and motion sensors all connected to multiple radios in a single device. For example, the EVO phone, made by HTC to operate in the Sprint network, has the following radios: 3G (800 & 1900 MHz), WiMax (2500-2700 MHz), WiFi (2400 MHz), Bluetooth (2400 MHz), and GPS (1575 MHz). Many of these radios can run concurrently, and each radio exposes the user to some level of electromagnetic radiation while transmitting in its operating frequency band (although the GPS radio does not transmit). The potential total exposure is cumulative; each radio adds to the total exposure during simultaneous transmission.
Further compounding the problem is size: as phones get smaller and slimmer, the distance between the user and the radiating elements decreases, increasing the user exposure. As a result, many devices sold today, such as the EVO phone, are near their exposure limits, measured using a quantity called "specific absorption rate" or "SAR" which is described later.
With 4G cellular standards such as LTE now being deployed, basestations are being equipped with tens of Watts of power. The maximum power being considered for LTE portable devices is approximately 23 dBm (200 milliWatts). SAR constraints force vendors to consider powers even lower than this to pass FCC regulatory requirements. Hence, even after compensating for the scheduling considerations of the uplink versus the downlink, the uplink is overmatched by the downlink in power. Since the downlink is so much stronger than the uplink, network performance is dominated by the uplink. Once the basestation cannot hear the device's transmission, it drops the device from its active set and deregisters it, forcing a new session to be initiated once the device is again within uplink range. And looking forward, we note that while basestations may continue to increase the power of their transmitters since they are not subject to user exposure requirements (their radiating elements are generally too far away to be considered harmful), the same cannot be said for mobile devices. We therefore believe that future wireless performance is governed less by considerations of battery life or technological features, and more by user exposure limits to electromagnetic fields. We now describe how exposure is measured and how it may be mitigated.
II. OVERVIEW OF SPECIFIC ABSORPTION RATE

A. Definitions and Regulations
Devices sold in the United States, and many countries abroad, are tested for the intensity of their radiated fields to ensure compliance with regulatory standards for maximum user exposure to non-ionizing electromagnetic fields. Two accepted quantities include maximum permissible exposure (MPE), expressed in power perunit area, and specific-absorption rate (SAR), expressed in power per-unit mass [2] . Devices that emit levels below accepted thresholds are considered safe to use by consumers in an uncontrolled environment.
The SAR measurement is considered the gold standard for regulatory compliance, but an MPE calculation is accepted in lieu of a SAR measurement for some devices where the distance between the transmitter and the nearest person is 20 cm or more [2] . An MPE calculation can usually be made without specialized laboratory equipment. A SAR measurement requires specialized equipment, including mannequins, electrolytes, and robotically-controlled probes, with the device operating at full power while the probe searches for worst-case field measurements.
MPE is generally not a measured quantity and is often calculated as [6] 
where P out is the transmitter output power (in milliWatts), G is the antenna gain, and r is the distance (in cm) to the transmitter; this value of MPE is compared with Table I to determine compliance. SAR is a measure of the heating effect on human tissue of electromagnetic radiation, and is expressed as [7] 
where σ is the conductivity of the tissue-simulating material (in Siemens/m), E is the total RMS field strength (in Volts/m), and ρ is the mass density of tissue-simulating material (in kg/m 3 ). Unlike the MPE, the SAR is not calculated but is measured with the device operating in its intended manner at full transmit power. The measured value is compared with Table II to determine compliance. The actual limits in force are a function of the device usage; occupational usage with controlled exposure is allowed higher limits (often a factor of five) than the general population, where exposure is uncontrolled. Tables I and II are the limits currently in force for the general population [5] .
The requirement to use MPE or SAR limits to evaluate device performance depends on the device being evaluated. Currently, wireless devices and systems generally fall into three classes defined as fixed, mobile, or Frequency Power Averaging Range f (MHz) Density (mW/cm 2 ) Time (min) 300-1500 f/1500 30 1500-100,000
1.0 30 portable. The fixed classification applies to basestations and other devices that are, at most, nomadic. They are not intended to be worn or carried on the body, and the user proximty to the device is not expected to be less than 20 cm. For such devices, regulatory scrutiny is usually confined to the MPE requirement in Table I . Generally, the MPE requirement is satisfied by calculated field strength using a worst-case transmitter power and user proximity to antennas. With the tower heights used on most cellular networks, MPE limits are usually easily met.
The mobile classification applies to devices and antennas that are mounted in vehicles. Regulatory compliance can usually be satisfied by making MPE calculations such as those in (1); for example limiting the transmitter power to 3 Watts and ensuring that the antennas are mounted in the center of a roof or trunk of the vehicle provides a simple calculation of the worst-case MPE. SAR measurements can trump MPE calculations: if a worst-case MPE calculation indicates possible violation of the limits in Table I , then SAR can be measured to determine compliance with Table II , especially when r is small.
The portable classification applies to devices that are meant to be used within 20 cm of the body, in particular phones that are often held close to the head or clipped to the waistline or stored in a pants or shirt pocket. In this case, SAR measurements are mandatory, and the values of Table II apply. The partial-body value of SAR 0 = 1.6 W/kg applies to the head. MPE values are difficult to estimate and measure at distances close to the body; hence they are generally not used.
SAR is a measure of power density (power per unit mass) and subsequent absorption of electromagnetic radiation by tissue and conversion to heat. The exposure limits in Table II represent levels that the body is thought to safely dissipate. These values were originally designed to test a single transmitting radio, where testing in the vicinity of the radiating element sufficed to determine compliance. We now provide a motivating example of how SAR may be mitigated by diffusing the transmission.
B. An Example
A thought-experiment helps to explain how SAR may be mitigated without compromising the output power of a device. SAR is a measure of power per unit mass (or power density), and therefore does not directly measure the total output power of a device. Hence, for a given total output power, SAR may be lowered by "spreading" the power over a larger mass, or equivalently, larger tissue volume. The picture in Figure 1 exemplifies the idea: a given amount of light power captured in a lens can be converted from a harmless state to a harmful one by increasing its density. Most transmitters have only one distinct region, or "hotspot", where SAR values are high, usually near the transmitting antenna. We assume for the moment that this hotspot measures at the 1.6 W/kg limit (SAR 0 ), corresponding to an output power of 23 dBm (200 mW), a commonly-used power level for the transmitter in Universal Serial Bus (USB) dongles and smartphones. The 1.6 W/kg SAR measurement may readily be cut in half to 0.8 W/kg by reducing the output power from 23 dBm to 20 dBm. However, this has the unacceptable effect of reducing the uplink performance of the device by 3 dB. To restore performance, we may then add an identical transmitting element spaced some distance away from the original element, also transmitting at 20 dBm, with its effective SAR of 0.8 W/kg. Therefore, each element on its own maintains a large margin to SAR 0 . The two elements are then made to transmit simultaneously, yielding an effective radiated power of 23 dBm again, potentially restoring uplink performance.
We have taken advantage of the fact that SAR is a power density measurement, rather than an absolute power measurement, and seemingly SAR is reduced while maintaining output power. However, the SAR regions of the two antennas may overlap, thus complicating this simple example.
As a result, the FCC has considered the implications of multiple transmitting elements in [8] . If the normal working mode of the device allows simultaneous transmission out of more than one antenna or frequency band, the SAR limits in Table II apply with all transmitters operating simultaneously and at full power, in a "worstcase" mode.
And since simultaneous transmissions can be timeconsuming and cumbersome to measure, [8] introduces an additional metric called the SAR-to-peak-locationseparation-ratio (SPLSR) that allows SAR measurements for simultaneous transmission to be avoided. The SPLSR relies on an observation that areas of maximum SAR are usually confined to a region with radius 2-3 cm around the hot-spot. Hence, two transmitters are viewed as having significantly overlapping SAR regions if their separation is less than 5 cm. Using the partial-body value in Table II Because calculated SPLSR values less than (3) allow measurements with simultaneous transmission to be avoided, manufacturers work hard to separate transmitting antennas as much as possible. But this is becoming increasingly difficult as devices get smaller and slimmer, and the number of active radios gets larger. Furthermore, restrictions for antenna placements on portable devices are generally very severe. Transmitting elements are typically confined to specific areas of heavily shielded portions of the printed-circuit board where they do not interfere with other circuitry, and only a few square centimeters may be available. Many newly introduced phones, especially those incorporating 4G technologies such as LTE or WiMax, have transmitter pairs exceeding (3) and therefore require measurements with more than one transmitter active. The HTC EVO phone [9] has more than one transmitter pair exceeding (3) . Other devices such as USB dongles are so small that antenna spacings of one-tenth of a wavelength need to be accommodated, resulting in unavoidably large SPLSR values. Nevertheless, even for closely-spaced antennas, we believe there is great potential for mitigating SAR.
III. EFFECT OF MULTIPLE ANTENNAS ON SAR
For closely spaced antennas, preliminary evidence [10] , [9] , [11] , [12] suggests that
This is a "figurative equation" intended to convey the hypothesis that SAR measurements taken with more than one transmitter active (corresponding to the left side of (4)) are generally much less than the sum of the SAR measurements taken with each transmitter separately (corresponding to the right side). This phenomenon seems to happen independently of the frequency bands occupied by the transmissions, and is a manifestation of the fact that SAR is a power density measurement, rather than total power measurement. For example, the numerator in (2) requires a measurement of the squared electric field in one gram of tissue (approximately 1 cm 3 ), whereas the total power is obtained from the squared electric field integrated over all three-dimensional space around the transmitting object. The left side of (4) is the SAR measurement that determines compliance, while the right side is proportional to the total transmitted power. The right side is generally easy to obtain since simultaneous transmission is not needed for the SAR measurements.
Although (4) appears to be true, we wish to know how much difference there is between the left and right side, and its dependence on phase, frequency, and transmitter spacing. Part of our success at mitigating SAR depends on how small the left-hand side of (4) can be made. Its quantification through modeling and analysis is the subject of this section.
There has been little research on characterizing and modeling how the radio-frequency (RF) electromagnetic fields produced by multiple closely-spaced transmitting antennas affects SAR. As shown in [12] , the SAR of two transmit antennas transmission on a portable device separated by 2 cm and operating at 1.9 GHz, using equal power splitting, is highly dependent on the phase difference between the transmissions, and independent of the common phase. In fact, this reference demonstrates that SAR can vary with phase from a minimum of approximately 2 W/kg to a maximum of almost 8 W/kg when the total transmission power is 1 Watt. This two-transmitter system may be compared with a single transmitter system operating at the same frequency and same total power having a SAR value of approximately 5 W/kg (in which phase plays no role). Hence, in this example, the SAR averaged over phase for two antennas is roughly the same as the SAR for one antenna, but the instantaneous SAR as a function of phase varies widely. In other examples, there is evidence that a two-antenna system can have a lower average SAR than a singleantenna system [13] .
Data in [12] suggest that SAR versus the phase difference θ between the two antennas can have the form
where r 1 , r 2 are positive real parameters, P is the transmit power, and ϕ 0 is an offset that is dependent on the antenna configuration. This shows the strong dependence of SAR on the phase difference θ, especially when r 1 and r 2 are nearly equal. Since P has the units of Watts, r 1 and r 2 have units kg −1 . In the case of [12] , the values r 1 ≈ 5, r 2 ≈ 3, and ϕ 0 ≈ 2π/3 provide an adequate approximation of the experimental and numerically simulated results in Figure 5 of [12] . A comparison is shown in Figure 2 . As we show in Section IV, (5) has great potential to be exploited. IV. SIGNAL DESIGN WITH A SAR CONSTRAINT Transmission power constraints are basic to the design of most communications systems. However, a power constraint on the transmitter does not adequately constrain or model SAR, especially when two or more transmitters are operating simultaneously. Considerations such as operating frequency, spacing between elements, and equations such as (5) are needed to model SAR accurately. Such models can then be integrated with standard engineering constraints such as power consumption to design transmission techniques that obey electromagnetic exposure constraints.
A. SAR-aware transmission with channel knowledge
To demonstrate how a SAR constraint can play a role in signal design, consider a two-antenna uplink beamformer, and assume that each antenna transmits the same waveform with a phase difference (equal gain transmission [14] ) and the resulting SAR obeys (5). The beamformer can be expressed as a two-dimensional vector of the form
T where the 1/ √ 2 factor represents that the total power is divided equally between the two transmitters. With N ≥ 1 receive antennas at the basestation on a narrowband uplink transmission and normalized noise, the inputoutput expression for the system is y = Hf (θ)x + n (6) with x denoting a data symbol with expected value E|x| 2 ≤ P , n representing additive Gaussian noise with each entry distributed as complex-Gaussin CN (0, σ 2 n ), and y denoting the N -dimensional receive signal. We will assume that the receiver and transmitter both have access to H and that the receiver performs maximum ratio combining. The equal gain beamforming vector f (θ) that is not "SAR-aware" performs the optimization
to maximize the receive signal-to-noise ratio (SNR). However, the SAR varies according to (5) as a function of θ bf . The worst-case θ wc ≈ 4π/3 has almost four times more SAR than the best case. Since the FCC requires the device during testing to be put into the mode that yields worst-case SAR readings, the transmitter that employs the algorithm (7) and meets the SAR limit must set its transmitter power such that
to ensure that it passes regulatory scrutiny for any θ bf . The device that is not aware of the model (8) chooses P = P (θ wc ) for FCC certification. Figure 3 shows the performance (as measured by average receive SNR at the basestation) of this beamformer as a function of the SAR level (red curve with diamonds), averaged over spatially uncorrelated Rayleigh fading. This represents today's technology: a device that has no SAR model and must "back-off" its power to meet worst-case SAR compliance.
However, a beamformer that is SAR-aware can do much more. By setting P = P (θ bf ) in an adaptive backoff, the beamformer can still meet the SAR constraint for θ bf . The performance of this is given in Figure 3 by the blue curve marked with asterisks. Better still, the optimization in (7) can be modified with (8) to yield Figure 3 shows this result as the black curve, marked with squares. Note the gain of approximately 4 dB for being SAR-aware versus the power back-off needed when no SAR model is available. Fig. 3 . A comparison of the average receive SNR as a function of SAR for beamforming transmission methods incorporating differing knowledge of SAR constraints. Being SAR-aware gains more than 4 dB versus the simple "back-off" method. In these examples, the noise variance is σ 2 n = 1.
B. SAR-aware transmission without channel knowledge
When there is no channel knowledge at the transmitter, and beamforming is therefore not possible, there are still advantages to being SAR-aware. We generalize the model (6) as follows. Consider an M antenna portable transmitter and N antenna receiver:
The matrix H describes the M transmit by N receive channel. (We eschew time indices and frequency indicies normally associated with wideband multicarrier systems for brevity.) The vector n denotes additive Gaussian noise, and the vector x denotes the transmitted signal. Traditionally, the vector x is subjected to a power constraint of the form Ex 2 ≤ P . However, we are also subjected to a SAR constraint with the M transmitters. To generalize the M = 2 formulation (5), we note that
This is also a power constraint in disguise-because we must have SAR ≤ SAR 0 , we are also bounding x (assuming R is nonsingular), but (11) allows certain x to be transmitted with more power than others. To generalize (11), we make the following three assumptions: (i) Transmitting x and e jθ x for any θ ∈ [0, 2π) yield the the same SAR (absolute phase of the field does not have any effect on energy absorption); (ii) SAR is a function of two independent variables, the instantaneous norm of the transmitted signal x and the instantaneous direction of the transmitted signal e x = x/x; (iii) SAR is linear in x 2 . To encapsulate these, we model SAR by the cost function
where S denotes the unit sphere in C M , dΩ denotes a differential unit of surface area, and r maps S to the positive reals. This can be succinctly encapsulated as
Enforcing this as a time averaged constraint corresponds to
This can be rewritten in terms of a covariance constraint using the Cholesky decomposition R = L * L as
We may then formulate a SAR-constrained capacity (assuming only receiver channel knowledge)
subject to the covariance Q satisfying tr (Q) ≤ P and tr (LQL * ) ≤ SAR 0 . Figure 4 shows (16) evaluated with spatially uncorrelated Rayleigh fading with M = N = 2 using the model (5). The magenta curve (marked with x's) is the achievable rate for a single SAR-constrained transmitter. The red curve (with diamonds) transmits with two antennas but does not take the SAR constraint (15) into account during the maximization in (16), and "backs-off" the power P to satisfy (15) after Q is chosen. The black curve optimizes (16), taking (15) into account during the optimization of Q. This SAR-aware transmission has a 2-3 dB advantage versus the power back-off method, and a 3-4 dB advantage versus a single transmitter.
V. CONCLUSION
SAR exposure constraints are an unavoidable part of every portable communication system, and many devices in widespread use in cellular systems transmit near their exposure limits. However, there has been little work in forming models for SAR and incorporating these models early into the design of transmission methods to mitigate SAR. As we have shown, it is possible to gain 3-4 dB in equivalent transmit power with an accurate model properly integrated into the design, versus having no model. The gains are especially welcome on the uplink of a cellular system, and can be used to mitigate SAR for a given performance, or enhance performance for a given SAR. Fig. 4 . Comparison of achievable rates as a function of SAR for transmission schemes that do not have channel information. Being SAR-aware gains 2-3 dB versus the simple power back-off method, and 3-4 dB versus a single transmitter. In these simulations, the additive noise variance is σ 2 n = 0.1.
The ultimate success of these techniques depends on accurate models for SAR. Such models are still being developed, and thus the transmission techniques to mitigate SAR could evolve as the models evolve. We have provided a framework for showing how this process may proceed. Once the transmission techniques have been proven, they could be submitted to standards bodies that govern the transmission techniques used by portable devices today.
